We propose a scheme for an optical limiter and switch of the transmitted light intensity in an array of subwavelength metallic slits placed on a nonlinear Kerr-type dielectric substrate of finite thickness, where the geometrical parameters are designed for operation at telecom wavelengths. Our approach is based on the abrupt changes of the output light intensity observed in these systems near transmission minima. © 2010 Optical Society of America OCIS codes: 240.6680, 190.5940, 250.5403. Nanostructuring of metal surfaces appears exceptionally attractive for novel nonlinear photonic applications due to a strong enhancement of the electromagnetic (EM) field near corrugated surfaces. Prominent examples include surface-enhanced Raman scattering [1] and plasmon-enhanced high-harmonic generation [2] . However, the drawback of using metallic elements is the introduction of strong loss. Therefore, when metals are involved, only schemes utilizing short device lengths can be tolerated in practice to observe noticeable nonlinear phenomena, while any schemes relying on phase accumulation are intrinsically excluded. A proposed platform for enhanced nonlinear optical manipulation is the array of subwavelength apertures in metal films [3, 4] . Nonlinear properties of subwavelength metallic apertures in combination with nonlinear dielectrics have been studied for their potential uses in enhanced nonlinear beam manipulation [5, 6] , optical bistability [7, 8] , and switching [9, 10] . Such geometries rely on the phenomenon of enhanced optical transmission [11] [12] [13] associated with distinct resonances in the linear transmission spectrum.
Nanostructuring of metal surfaces appears exceptionally attractive for novel nonlinear photonic applications due to a strong enhancement of the electromagnetic (EM) field near corrugated surfaces. Prominent examples include surface-enhanced Raman scattering [1] and plasmon-enhanced high-harmonic generation [2] . However, the drawback of using metallic elements is the introduction of strong loss. Therefore, when metals are involved, only schemes utilizing short device lengths can be tolerated in practice to observe noticeable nonlinear phenomena, while any schemes relying on phase accumulation are intrinsically excluded.
A proposed platform for enhanced nonlinear optical manipulation is the array of subwavelength apertures in metal films [3, 4] . Nonlinear properties of subwavelength metallic apertures in combination with nonlinear dielectrics have been studied for their potential uses in enhanced nonlinear beam manipulation [5, 6] , optical bistability [7, 8] , and switching [9, 10] . Such geometries rely on the phenomenon of enhanced optical transmission [11] [12] [13] associated with distinct resonances in the linear transmission spectrum.
Here we present a proposal for (i) an optical limiter (OL) of the transmitted intensity, in which the output intensity decreases when the incident one increases, and (ii) an optical switch (OS), where the output intensity increases abruptly under a small change of the incident power. These two operating modes are found in an array of metallic slits placed on a nonlinear Kerr-type dielectric layer, at the telecom regime. The inset of Fig. 1 shows schematically the structure analyzed, as well as the direction of illumination considered. We assume air at the illuminated and transmission regions, and also inside the slits.
We study the nonlinear optical response at a fixed wavelength close to the transmission minimum [see Fig. 1 (top)], where sharp variations in the spectrum take place within a short wavelength range. We assume nonlinear response only in the dielectric layer, while the nonlinear susceptibility in the metal [14] is neglected. In the MKS system of units, the optical response of the dielectric material due to a third-order nonlinear susceptibility is described by the relations of both displacement (D) and polarization (P) vectors with the electric field (Ẽ) [15] :
ðẼ ·ẼÞẼ and ε 0 is the dielectric constant of vacuum. The scalar quantities χ ð1Þ and χ ð3Þ represent the linear and third-order nonlinear susceptibilities, respectively. Since the change of the dielectric constant yielded by the local EM field is percentually small, it is common to approximate the refractive index as n ¼ n 0 þ n 2 I, where I ¼ n 0 cε 0 jEðrÞj 2 =2, n 0 is the linear refractive index, and n 2 ¼ We have employed the finite-difference time-domain method to simulate both the linear [16] and nonlinear optical response of the structure [17] . The system is illuminated with a normal incident p-polarized plane wave. Unless otherwise stated, the duration of the pulse is τ ∼ 2:4 ps. This pulse is slowly switched on and off, so it has a smooth Fourier transform (in this case, with spectral bandwidth of ∼3 nm). We have checked that, under such excitation, the process of third-harmonic generation forms less than 1% of the total output energy and, therefore, only the optical properties at the fundamental frequency are considered.
The dielectric constant of gold (ε m ) is obtained from the experimental values tabulated in [18] and fitted to a Drude-Lorentz model [19] . The nonlinear dielectric is assumed to be isotropic, homogeneous, and dispersionless. Furthermore, absorption in the dielectric is neglected in our simulations. The linear refractive index is chosen to be n 0 ¼ 2:8, a typical value for materials with large Kerr coefficients, following Miller's rule [15] .
To illustrate our proposal, we have chosen the following set of parameters: a 1650 nm thickness dielectric slab, array period p ¼ 520 nm, metal film thickness h ¼ 350 nm, and slit width a ¼ 300 nm. The precise values of these parameters are arbitrary but are chosen in order to (i) be within the range accessible to experiments and (ii) provide a sharp transmission minimum at near-IR, in this case, λ min ¼ 1451 nm [ Fig. 1 (top) ]. The spectral position of this minimum depends on the geometrical parameters in a complex way. Thus, the consideration of other ranges of working wavelengths would require a fine tuning of geometrical parameters (i.e., other λ min ) through computation of the linear transmittance. In Figs. 1(a)-1(c) we plot the modulus of the electric field, jẼ j (evaluated at the x-z plane for two unit cells) for three different wavelengths: λ max ¼ 1437 nm, λ min , and λ 1 ¼ 1465 nm, respectively. For λ 1 and λ min , we observe field enhancement inside the slits and around their corners, while, at λ max , a guided mode appears inside the dielectric layer.
Next, we study the changes in the transmission through the metal slits with increase of the light intensity for four different wavelengths redshifted compared to λ min . We scale both the incident (I in ) and transmitted (I out ) intensities by n 2 , so our results are valid for different (current or future) nonlinear materials. Also, n 2 I out reflects the average change of the refractive index, Δn, in the dielectric film (we will discuss spatial distribution of Δn later on). Figure 2 presents, with solid symbols, the results for n 2 I out as a function of n 2 I in , together with the corresponding linear results (n 2 I out Lin ). As expected, at low input intensities the transmission follows the linear dependence. However, as the intensity is increased, the transmission saturates and then drops. This behavior corresponds to a nonlinear intensity limiter. For higher I in , the transmission exhibits a steep rise, switching to a high-transparency state. This can be heuristically understood by noting that nonlinear effects correspond to an increase of n and that, in the linear regime, the increase of n shifts the transmission spectrum to longer wavelengths. In the OL regime, as the incident intensity increases, the linear transmittance decreases. Eventually, after the minimum transmittance is reached, the output intensity would be boosted by both the increase of the incident intensity and the corresponding increase in linear transmittance, leading to a large increment of I out within a narrow range of incident intensities.
Clearly, the incident intensities to achieve OL or OS strongly depend on the incident wavelength. The vertical scale in Fig. 2 breaks in the region of n 2 I out ¼ ð8-12Þ × 10
in order to mark up the features' visibility at low output intensities. In Fig. 2 , the switching is seen for two wavelengths, λ 1 ¼ 1465 nm and λ 2 ¼ 1475 nm, in the range of intensities chosen, with the final I out being much larger than I out Lin . Precisely, OL occurs for all considered wavelengths (and also OS, although this is not shown in the figure for the two largest wavelengths), but the input intensities for minimum output increase as the working wavelength separates from λ min . Figure 2 also shows that the considered nonlinear effects are still present for shorter pulses (τ ∼ 500 fs, although the OL is less pronounced and the OS occurs within a wider range of I in ), which, in real experiments, would reduce the influence of the free carrier absorption or thermal effects.
In Fig. 3, panels (a)-(d) show the local change in the refractive index within the nonlinear dielectric slab (evaluated at the x-z plane for two unit cells) for the structure in Fig. 1 and for four different input intensities at λ 1 ¼ 1465 nm at a moment just before the plane wave is switched off (∼2:4 ps). The intensity values cover both the linear regime as well as the intensity range when the OL and the OS occur. Importantly, the variation of the refractive index is not uniform and resembles the profiles of the modulus of the electric field in the linear regime [ Figs. 1(a)-1(c) ] at the related wavelengths.
Let us now discuss possible materials to operate the OL and OS. Chalcogenide glasses, such as As 2 Se 3 , possess n 0 ≈ 2:8 and high n 2 ≈ 1:1 × 10 −4 cm 2 =GW [20] , featuring low linear and two-photon absorption at IR wavelengths. However, in real experiments, dielectric slabs made of these materials support a maximum change in the refractive index, Δn max ≈ 0:0001, before being damaged, a threshold much smaller than the change of the refractive index here obtained when metals are involved (Δn max ≈ 0:1 in some regions of Fig. 3 ). Nevertheless, semiconductors could appear as better candidates, since they have similar linear and nonlinear refractive indices to that of chalcogenides but support a much higher Δn max ≈ 0:1, as reported in [21, 22] . In any case, appropriate candidates for real experiments must have both high Δn and n 2 and also must behave as Kerr-type materials with low absorption in a wide range of local intensities.
In conclusion, we have theoretically studied the nonlinear response of a slit array deposited on a dielectric substrate with Kerr nonlinearity. We have described both a nonlinear intensity limiter and an optical switch, at the telecom range. The physical mechanism of both operation modes is based on sharp variations in the linear transmission close to the transmission minima present in arrays of subwavelength apertures in metal films.
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